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section I 

INTRODUCTION AND SUMMARY 


INTRODUCTION 

An «Kt«Psive review of the literature was conducted In partial tulflllfent 
ot lask I of Contract NAS 8-30750. This review was concerned with (1) thf 
characterization of systems and equipment that could be applicable to the 
development of solar-powered air conditioners based on the Rank Inc-cycle 
approach, and (2) the establishment of baseline data defining the performance, 
physical character Istics, and cost of systems using the LlBr/H 20 absorption 
cycle. The baseline data are to be used later In the sludy for comparlslon 
with an optimized Rank Ine-drI ven vapor compression system. This report sum- 
marizes the information gathered to date and discusses published data In terms 
of the Objectives of the present study. Since significant study and develop- 
ment work Is In orogress, the state-of-the-art survey will be continued threugh 
the contract period and the results of current programs reviewed as Information 
becomes available. Additional Information collected during the state-of-the-art 
review will pe reported In the monthly progress reports. 

A brief summary of the findings Is given below. Summaries and discussions 
of the most pertinent data are presented in Sections 2 and 3, and references 
are listed In Section 4. 

SUf-WARY 

Air conditioners specifically designed for operation using solar thermal 
energy are not presently manufactured commercially. However, the technology 
Is available for the develooment and production o* suen ecuipnen-!, and several 
organizations are engaged In the development of prototype coipporujnts ano sys- 
tems for this application. Most air conditioners instaliej In e«,perlmentdl 
solar houses have been conventional electr Ic-drlven vapor cemoression units 
or absorption-type coolers. The latter are obsolete Arkhi l.It<r/H;>'J absorption 
units modified for this specific application; the modlf Icct I on involves replace- 
Ing the gas-fired generator with a wattjr-flred unit to acrorMmoeere "^ne solar 
collector subsystem Interface. Currently under NSF cponsr>rsh Ip, .-.*kla Is 
further modifying an existing water chiller design to Inc perare a recircula- 
tion pump and an evaporatively cooled abscroer. Tne antfoipatrd performance 
of the unit Is listed In Table 1-1 at the operating condirlons i,oted. 

With respect to Rank Ine-drI ven r6frlgfrr.^l.an iystom-., tno cara llst-.d In 
TaPle 1-2 characterize the performance of such s'/stoms uning c‘ar v-of-th ;-art 
compressor and turplne designs. Those vaines agrpo lalnv «el i erpari- 

mental data oDtalned on a Barber-Nictel s t^veiopen .'.•'r ;i> talletioo and 

evaluation In the Honeywell mobile cola;* i .-f-o; t ro» y. 
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table 1-1 


« 


ESTIMATED PERFORMANCE OF WATER-FIRED ABSORPTION AIR CONDITIONER 


Cooling capacity 
Hot watar source temperature 
Chilled water temperature 
Evaporative heat rejection 
Water cons jmpt Ion 
Coefficient of performance 
Electrical consumption 


10.54 Kw (3 tons) 

365. 7*K In/3'J8.?“K out (195*F ln/185*F out) 
285. 9*K In/280. 4*K out (55*F ln/45*F out) 
293. 7"K (78*F wb air In) 

25.2ijm3/iec (24 gal/hr) 

0.65 

875 watts maximum 


TABLE 1-1 


TYPICAL STATE-OF-ART RANONF. AIR CONDITIONER PERFORMANCE DATA 


Hot water Inlet temperature 

377.6*K (220*F) 

Evaporator temperature 

280. 4*K (45*F) 

Condensing temper aturis 

305®K {90*F) 

Rankine-cycle efficiency 

0.1 

Vapor-compression cycle CCP 

6.0 

Overall COP 

0.5 


The conclusions reached uy v;.rl 0 '.ij ’n/estlcators as to the eccncmlc 
applicability of solar-powered al'' cs.* i I f loners are widely conflicting (Refer- 
ences 1-1, 1-2, and 1-3). 0ver.!l' s-, llte-c/cle cost and pay-back data vary 
by more than an order of magnhui’'.*. Tt a oiscropancles between the published data 
are due to the different assure t Im'. bHilc to those studies. Tnos*. assumptions 
are primarily related to (1) tha p 'itJ<s.,Tr>d -xist of solar col lector'^, (2) the 
projected cost o* fuel, and (3) v->. f. i f ;?'.•* ven« .s of the best-power ed refrlge.'a- 
tlon system configuration arid utlll't+l.n. It K apparent from these studies 
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that tha cost of rha solar collactor Is a dads' va factor In datarmlnlng 
pay-Dack tima. Slnca tha siza of tha collactor Is diractly ralatad to tha 
af factivaness of tha refrigeration systam, every effort should ba mada to 
develop a refrigeration machine designed for maximum afficlancy and low 
fabrication cost. Tha technology for this Is available. 

As an example, tha solar collactor size necessary to power a Ranklna- 
cycla air conditioner can be reduced by 30 percent as the efficiencies of the 
system compressor and turbine Increase from 70 percent to 60 and 83 percent. 

In Itself, this represents a significant factor In tha performance of acono>nic 
studies. It Is an objective of tha present study program to determine the 
potential of Rankine-powered air conditioning equipment optimized for operation 
at the low-temperature heat source attainable from flat-plate solar collectors. 
The future utilization of solar-powered air conditioners mav not pe determined 
from economic factors, but rather may be Imposed by legislation aimed solely at 
resolving the nation's energy dependency. 
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REVIEW OF ABSORPTION SYSTEM LITERATURE 


GENERAL 

An excellent treatment of absorption refrigeration systems Is presented 
In Reference 2-i. At the time (1957), Servel manufactured lithium bromide/ 
water (LlBr/H20) air conditioners for residential use. These were atmospheric- 
steam or water-cooled units. In an effort to eliminate the 
requirements for cooling towers as ultimate heat sinks for the LlBr/H 20 absor- 
ber, much work was performed In the development of refrigerant-absorbent 
combinations with Improved vapor pressure properties more suitable to the 
design of air-cooled systems. Such a program, sponsored by the American Gas 
Association (AGA), Is summarized In Reference 2-2 (1968); data presented 
Indicate that a LlBr/LlSCN/H20 fluid system has lower vapor pressure charac- 
teristics, and this offers potential for air-cooling the absorber without 
crystal I Izatlon. 

ABSORPTION SYSTEM AVAILABILITY 

Absorption-type air conditioners have not penetrated the residential 
marketplace to any extent. Currently, Ark I a does not produce any small- 
tonnage air conditioners. However, they do market gas-fired air-cooled 
water chillers In basic sizes of 10.5 kw (3 tons), 14.1 kw (4 tons), 17.6 kw 
(5 tons) and multiples thereof. Data typical of the performance of these 
water chillers are presented In Table 2-1 for the 14.1-kw (4-ton) unit. 
Coefficient of performance of 0.48 (excluding auxiliary electrical power) 

Is specified; this corresponds to an ambient air temperature of 308. 2°K 
(95°F) and a chilled water supply temperature of 280.4'^K (45°F). 

ABSORPTION SYSTEM EVALUATION WITH SOLAR COLLECTOR 

Wisconsin University Tests 

An early Arkla 10.5-kw (3-ton) LlBr/H20 absorption unit (Model DUCS-2) 
was tested In conjunction with a fiat-plate solar collector at the University 
of Wisconsin In 1962 (Reference 2-4). In this Installation, the generator 
(designed for steam heating) was heated with liquid water from the solar 
collector. The lower heat transfer coefficient obtained with water resulted 
In a reduction In capacity from 10.5 kw (3 tons) to 7.03 kw (2 tons). The 
absorption system provided cooling, with water temperatures at generator 
Inlet as low as 355. 4°K (180®F) and cooling water at 302. 6°K (85°F) cooling 
water. A coefficient of performance between 0.4 and 0.6 was generally 
achieved on test. 

Marshall Space Flight Center Tests 

A water-cooled Arkla LlBr/H20 system was modified by replacing the 
gas-fired generator with a water-fired unit compatible for operation with 
a flat-plate solar collector. This rrvodlfled unit was designed to provide 
10.5 kw (3 tons) of refrigeration at a COP of 0.65 with water temeratures 
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TABLE 2-1 


specification data for 

ARKLA MODEL ACB 46-00 AIR-COOLEC MATER CHILLER 
(MODIFIED FROM REFERENCE 2-3) 


P«rformanc 0 Data 

Capacity 
Gas Input 

Condenser air volume (approximate) 

Onilled Water Data 

Mater quantity tiov rate 
Maximum water flow rate 
Inlet water temperature 
Outlet water temperature 
Unit volume (approximate) 

Electrical 

Electrical 

Condenser fan, direct-drive motor 
(230 V, 60 cycle, I phase) 

Solution and chilled water pump motor 
(230 V, 60 cycle, 1 phase) 

Operating wattage draw (typical) 

Amperage draw 

Fuse size: time delay (2) 

Dimensions 


14.1 kw (4 tons*) 

29.3 kw (100.000 8tu/hr) 
2.83, m 3/sec (6000 cfm) 


10.1 urn 3/sac (y.6 gpm) 
12.6 u*" (12 yp<n) 

2B5.9®K (5-'.0®F) 

200. 4®K (4?.0‘*F) 

0.01 1 m3 (^.0 gal ) 


23Uv 
0.5 hp 

0.^> hp 
1000 

le^s *2 jmp 

15 amp 

I 


Width 

Depth 

Height 

Physical Data 

Operating weight (approx I 
Shipping weight ( approx I mat 


0.35' m (S5-I/2 In.) 
1 m (4 (-1/2 In. ) 
1.0/ m (J 2-1 ' \ In. ) 


340.2 xn '750 in) 

374.2 xj '4-:5 Ip) 


Refrigerant type 


•Refrlgerdtlon capacity shown Is 'j i:,-J iml. i t temc-fr sTur-^ at 306. 2°K 
(95®F), chilled water sjop.y at . ■> < jnd d“ the -low rat**s 

soeci f leu. 
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ot 372. 0®K (2I0®F) at generator Inlet, and 302.f.®K (05®F) at absoroer 
Inlet. Sucb a unll was Installed In the NASA Marshall Space Flight Center 
Solar House tor exjerlmental evaluation (Reference 2-5). Estimated per- 
formance for this veralon of the Ark la unit Is presented In Reference 1-1. 
Figure 2-1 (taken from Reference 1-1) shows the sensitivity of the cooling 
capacity of the unit In terms of water tempi ature at the Inlet of the 
generator and the ttsorber. For a 302. 6®K (85®F) cooling water temperature 
(which represents i normal design value for cooling towers), the capacity of 
the unit will drop from 3 to 1.5 tons as the -jenerator water Inlet temperature 
drops from 372.0®K (210®F) to 355. 4®K (180“F). 

CURRENT DEVELOPMENT ACTIVITIES 

At present. Ark la Industries (under NSF sponsorship) is engaaod In a 
program alned at the development of a laboratory prototype solar-powered 
Ll8r/H20 absorption system specifically optimized for residential use. 

This unit will Incorporate the following: 

(a) Water-fired generator 

(b) Liquid pump for circulation of the LIBr/H20 solution 
between the absorber and generator 

(c) Direct evaporative cooling of the absorber and condenser 

This laboratory prototype will be operated as a water chiller and will 
provide 10.5 kw (3 tons) of ref r I gerat Ion under the following conditions 
(Reference 2-6). 


(a) 

Heat-source water temperature: 

363. 7“K ln/353.2*K out 
(I95®F ln/185’f out) 

(b) 

Chilled water temperature: 

285. 9*K ln/280.4®K out 
(55®F |n/45‘t out) 

(c) 

COP: 

0.65 

(d) 

Evaporative heat rejection: 

to 29a.7“K (73’F) wt air In 

(e) 

Water consi-mpt Ion: 

25.2 vjmVsec 

(f ) 

Electrical power consumption: 

875 wafts r.eximum 


Although the size and cost of lojorstfon ref r iiv>'‘*''t.5rs mdltlec' for 
solar heat utilization are rot avalla'-Ie at this tHe, it is believed 
(Reference 2-7) that the cost of su^r. a 'nncMne wlH be :>ooiit the same as 
that for currently markoteJ water cbilJirj (c^e Tacle 2-si . 

AIRESEARCH AdSORP.'iCM SYSTEM iNVtSTlOAllONS 

A computer program was developed ev AiResearch ‘■o generate oarametric 
LlBr/H^O absorption system performance flat:. The svt ‘ maceled is Illustrated 
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COOLING WATER TEMPERATURE, 


GENERATOR WATER TEMPERATURE .K 



GENERATOR WATER TEMPERATURE, °F 



GENERATOR WATER TEMPERATURE, ®F 

5-921*30 


Figure 2-1. Perforrance of Modified Arkla LiBr/H20 
Refr i^jerator (From Reference 1-1) 
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table 2-2 


ARKLA LIBT/H20 SYSTEM COST 


Ark la Model No. 

Capacity, 
kw (tons) 

Distributor List Price, 
1979 dol lars 

ACS 36-00 

10.9 (3) 

1269 

ACB 48-00 

14.1 (4) 

1629 

ACB 60-00 

17.6 (9) 

1849 


In Figure 2-2. The program computes cycle COP tor fixed values of the 
following system parameters. 

(a) Generator temperature 

(D) Absorber temperature 

(c) Condenser temperature 

(d) Evaporator temperature 

(e) Evaporator load 

(f) Recuperato.* effectiveness 

(g) Absorber effectiveness 

The computation procedure Involves Iterative material and heat balance 
calculations until the concentrations of the solution In the absorber and 
generator are such that the thermodynamic and mass transfer requirements 
established by the Input parameters are satisfied. The pressure drop In 
each system element Is taken Into account and oump power Is computed. This 
program was exercised over a range of conditions for fixed values of recup- 
erator effectiveness (0.8) and absorber efficiency (0.6); these values 
appsar realistic for the system considered. The data are presented In 
Figure 2-3 as cycle COP (evaporator load/generator heat Input) plotted as a 
function of generator temperature and evaporator temperature. Each plot 
corresponds to a different condenser temperature. 

Examination of the data Indicates that for any combination of absorhor- 
condenser-evaporator temperatures, the attainable COP remains about constant 
over a wide rangt* of generator temperatures. However, as the qererator te.m. =tr- 
ature drops below a critical value, the design of a Ll3r/H20 absorpti on sys -jm 
becomes thermodynamically impossible. Since tie computer ijrcgrj^ Is a des»;ii 
program rather than a performance prediction program, tne pimti of Figure 2-5 
cannot be used to predict off-desIgn point performance becau-.e tne concen- 
tration of the LlBr/H 20 solution varies for each condl.ion rei'rasentej by the 
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Figure 2-2. Ll6r/H20 Absorptloi System Schematic 
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system temperatures. Referring to Figure 2-3, It Is apparent that generator 
temperatures higher than 190*F are necessary to provide a heat sink tempera- 
ture consistent with the requirements for on air-cooled air conditioner. It 
follows that t^*e design of such a system will require relatively high effect- 
iveness heat exchangers for operation. The effects of absorber and recuper- 
ator effectiveness on cycle COP for fixed values of system operating 
temperatures are shown In Figure 2-4. The plots show a relatively small 
Change In COP a* a .unction of these two parerreters. The COP shown includes 
the effect of pressure drop on system per formance. However, these data are 
somewhat optimistic because heat losses and gains from ambient are not 
considered In the calculation procedure. Such losses would easily result 
In a drop In COP as large as 0.1. 
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CYCLE COP 


{ 


EVAPORATOR TEMPERATURE: 280,4K (45°F) 

CONOENSER/ABSORBER TEMPERATURE: 305. 4K (50®F) 

GENERATOR TEMPERATURE: 3^7.0K (l 65 °F) 

ABSORBER EFFECTIVENESS: 80 % 

I j I 

70 75 80 85 

RECIin RATOR EFFECr I' ENESS, PERCENT 


EVAPORATOR TEMPERATURE: 230. 

CONDENSER/ABSORBER TEMPERATURE- j (50°F) 

GENERATOR TEMPERATURE: 347.0K i 

RECUPERATOR EFFECTIVES. yC, | 


ABSORBER EFFECT I VEKES: . PERCC.m' 




Figure 2-4. Effect of Absorber and Rn . ■-'-•H-.i: Ef I'jf t .va- t .s on Lidr/H^O 
Refrigeration System PerrV 
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SECTION 3 


REVIEW OF RANKINE AIR CONOlTK)NER LITERATURE 


A thorough review of Rank I ne-power systems and equipment has been published 
recently oy Hittman Associates, Inc. (Reference 1-2.) This review was conducted 
under NSF Contract C838. Emphasis was placed on the Rankine power loop, and the 
air conditioner portion of the overall system was not presented at the same level 
of detail. Some of the Information contained In Reference 1-2 is discussed 
below In the context of the current contract. Also, additional programs not 
covered In the Hittman survey are summarized. The Investigations conducted 
by the following organizations currently active in this field are summarized: 


(a) Barber-Nichol s Engineering 

(b) General Electric Co. 

(c) AIResearch Manufacturing Company 

(d) United Aircraft Research Laboratories 

(e) Battel le Memorial Institute 

(f) Thermo Electron Corporation 
HITTMAN SURVEY DATA 

The Rankine power system and equipment data compiled by Curran et al . are 
summarized In Table 3-1 (from Reference 1-2). Most of the Rankin^i engines listed 
were designed for electrical power generation from relatively high grade thermal 
energy; also, the power output of these machines far exceeds th*j requltv'mants of 
a 10.5- to 17.6-kw (3- to 5-ton) refrigerant compressor (abojt 5 k»;. However, 
the data are significant because the efficiencies attained with various types of 
expanders ana liquid pumps are representative of existing dssigr' technology . 

Also, the machines listed are experimental units and In gsp;ral ‘■ave not been 
subjected to extensive developmental efforts aimed at max iioi ting efflcitncy. The 
data show that expander efficiencies between 70 and 80 ncrcent 'an oe achieved 
with various types of machines (turbine, rotary, and reclpr?r.»t ing) over a rela- 
tively wide range of power output. 

Cycle efficiency, however, is dependent on the operarlno ' iiferature levels 
of the boiler and condenser. Data from Reference 1 »ero upoc <n the prepara- 
tion of Figure 3-1. The overall efficiency shown Is jyflrod as ‘.nllows, 

net Ronki >-e- cyclr > pc*-?*' 

Overall cycle efficiency = bollc'’ hear input 
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TABlE 5-1 


SUMMARY OF CHARACTERISTICS FOR S»^LL RANKIIC ENGINES 
(FROM REFERENCE l-2> 
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Where the net Rahi> ine-cycle power Is the expander power less the power necessary 
to drive the loop pumps, fans, and controls. Tie overall efficiencies of 
Figure VI represent H to 65 percent of the Cannot efficiencies corresponding 
to the source/sInK temperature shown, with the nlgher Carnot approach occurring 
at the tower poller temperatures. 
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Figure 3-1. State-of-the-Art Ranklne Engine Efficiencies 


bARaER-NICHOLS INVESTI3ATI0NS (REFERENCES 3-1 AND 3-2) 

Barner-Nicho! s has developed a solar-powered Ranklne cycle air conditioner 
for Irstal 1 atl-jn ftnd evaluation testing In the Honeywell transportap le solar 
laPuraTory. ilils program was conducted under joint sponsorship of NSF (Grant 
PIP 74-01555) ^nd Honeywell. Inc. A schematic of the solar-powered air condi- 
tioner Is shown in Figure 3-2 (from Reference 3-2). A motor-generator is used 
to supp!e'"ent the Ranklne turplne when solar heat is not adequate to drive the 
air conditioning compressor. When the turbine output exceeds the requirements 
of the compressor, electric power can be generated. The system is designed to 
provljn 3 tons of refrigeration with a collector water temperature of 374. 8*K 
(2I5*F) and a condenser water temperature of 302. 6*K (85®F). 
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System overjil performance (COP) Is shown In Figure 3*3 as a function of 
collector water temperature. The data were obtained prior to Installation 
In the solar laVo'atory; an overall COP of 0.3 was achieved. Through further 
development and relatively minor component and system Improvements, it Is 
anticipated that vhe overall COP could be Increased significantly (above the 
0.6 value at design point). It Is significant that the system did operate 
with collector wa'^er temperatures as low as 3^9. 8*K (170*F). This Is 25*K 
(45*F) below desl'/i value. Under this condition system capacity drops from 
10.3 to 3.3 kw (3 to 1 ton); also, the COP decreases from 0.3 to about 0.23. 
Data presented In Reference 3-1 show that a turbine efficiency of 72 percent 
was achieved: also, the efficiency could be maintained above 63 percent by 
maintaining turbine speed at design value through the use of the electric 
motor, 

general electric 

General Electric Space Division has been engaged in the development of 
a multl-vane expander for low-temperature Rankine cycle application for 
about 4 years. A 4.05-kw Freon unit Is currently In test. Expander effici- 
encies as high as 73 percent have been achieved, and through development if 
Is anticipated that this value can be Increased to 83 percent. Figure 5-4 
(from Reference 5-3) shows the expander configuration and Its performance 
over a range of flow. A 10.5-kw (3-ton) commercial refrigerant compressor 
was coupled to a multi vane expander and tested over a range of temperatures. 
The unit has been subjected to 1020 hr of unattended endurance testing, 

A COP of about 0.5 was achieved, corresponding to the following conditions 

Expander efficiency ■ 72 percent 

Compressor efficiency * 60 percent 

Condenser temperature ■ 310. 9®K (100*F) 

Expander Inlet temperature ■ 566. 3®K (200°F) 

The major advantage of a vane expander Is the high torque at low speed. 

AIRESEARCH INVESTIGATIONS 

In 1970 A i Research delivered two heat-powered refrigeration systems to 
the U.S. Army (MEROC). Results from this development program are presented 
In Reference 3-4. One of these systems was an air conditioner and the other 
a water cni Her of similar design. These systems utilized the thermal energy 
contained In the exhaust stream of a gas turbine to produce mechanical enei qy 
through the Rankine cycle. This energy Is expended In driving (directly) tne 
centrifugal compressor of a refrigeration loop. A schematic of the systein 
Is shown In Figure 3-5. The turbocompressor Is a hermetic unit featuring a 
two-stage compressor driven by a single-stage tiTolne at about 48,000 rpm. A 
photograph of the unit Is shown In Figure 3-6. Compressor pressure ratio j:. 
design point was 6.2:1. Turbine and compressor efficiencies of 80 and 75 
percent, respectively, were consistent! y measured In tests. The system 


.V —i. 


0^ CH rCANiA 


74-ICV'f'': 3. 
Rage 3-*; 


COOLING 

SOLAR HEAT INPUT 



COLLECTOR WATER TEMPERATURE, Oh 

U. 1 il 

350 360 370 


COLLECTOR WATER TEMPERATURE, °K 

S-92<<2e 


Figure 3-3. Barber Nichols Systen Test Performance (from Reference 3-2) 
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Figure 3*6. V/aste Heat Systen Turbocompressor 
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performance as obtained In testing and the estimated performance of the 
system slightly rx>difled for operation from o solar heat source are shown 
In Table 3-2. 

Currently, AIResearch Is engaged in the development of a 33.2-kw (10*ton) 
R>12 centrifugal compressor. The test unit shown In Figure 3'*7 Is driven 
through a magnetic coupling so as to permit ^he use of static seals throughout. 
The 0.038-*m (l.3* ln.) dia compressor wheel is designed to rotate at 90,000 rpo. 
Efficiencies as high as 73 percent are anticipated from this machine operating 
at the conditions listed below. 

Inlet pressuret 386 kN/m2 (36 psia) 

Inlet tempei atures 286. 1®K (53®F) 

Outlet pressure: 1273.3 kN/m2 (I83 psia) 

R-12 flow rate: 0.302 kg/sec (40 Ib/mln) 

Speed: 90,000 rpm 

Test data obtained to date have Indicated very close agreement between design 
and experimental values. 

An Investigation was made of the practicality cf ising high-speed turbo- 
machinery in systems designed tor residential applications, lo this end, data 
on high-speed rotating equipment was obtained from the AIResearch Industrial 
Division (AID) of The Garrett Corporation. AID Is the worlds loading manufac- 
turer of turtochargers for !n*’ernal combustion engines, with a total production 
of 330,000 units per year ths^^ represents a family of several models, ‘iome of 
these ur.It» are shown In Flqiiro 3-8, and Figure 3-9 lists •♦^he speed, size, and 
efficiencies of these machines. In a turbocharging application, the maximum 
pressure ratios ever necessary are less than 3:1, which is represent jM ve of 
the capability of these machines. The turbine efficiencies listed Include 
the mechanical losses of the machine and represent the ret shaft power delivered 
to t,ie compressor. The size and construction of these machines are not repre- 
sentative of a low^ temperature turbocompressor , as would be required tor a 
sol ar -powered air conditioner. For example, the turbine wheal and casing are 
fabricated of high-temoorature alloys; also, the volumetric flow raf*.5 through 
the unit are generally much larger thari would be required in a relrln..rdf Ion 
turoocompressor . However, the date indicate that manufacturing technology is 
available for large production of turoomachines of relallve'y soph Is leafed 
aerodynamic design. Projected factory cost for production (’•.ontitl^s to the 
order of 1/2 million units per year for 5 years Is estimatel at J60 p.^r unit. 
Smaller size and lower temperature units could be fabrlcdted at mjrh lower 
cost. Manuf aoturlng techniques using gl ass-relnforced pol ycarbO'Ote could 
possibly be used to advantage. 
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TABLE 3-2 


performance of waste heat refrigerator hcoifieo for solar operation 



Current 

Design 

Solar 

Modification 

Retr Igerant 

R-n 

R-11 

Waste heat source 

Gas at 672. 0*K (750*F) 

Water at 366. 5 *K (200*F) 

Refrigerated air 



Flow 

1.03 m 3/sec 12200 cfm) 

1.23 m3/sec (2600 cfm) 

Return temperature 

305. 4*K (90*F) 

299. 8*K (80*F) 

Outlet temperature 

291. 5*K (65*F) 

288. 7*K (60*F) 

Cool Ing air 



Flow 

4.48 m 3/sec (9500 cfm) 

4.48 m 3/sec (9500 cfm) 

Inlet temperature 

322.0-K (120*F) 

308. 2'K (95*F) 

Bolling temperature 

410. 9*K (280*F) 

358. 2*K (185*F) 

Condensing temperature 

335.9*K (145*F) 

318. 7*K (114*F) 

Evaporating temperature 

283. 2*K (50*F) 

283. 2*K (50*F) 

Turbine pressure ratio 

5.1 11 

3.0:1 

Compressor pressure 



ratio 

6.2:1 

3.4:1 

Refrigeration 

17.6kw (5 tons) 

15.8kw (4.5 tons) 
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Figure 3-7. 35.2-k*» UO-Ton) Prototype Freon Compressor 
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Figure 3"8. Automotive Turbochargers 


AID TURBOCHARGER DATA 




Turbine 

Compressor 

Hodel No. 

Sp««d, 

rpm 

DIaneter. 

In. 

Eff Ic lency, 
percent 

Diameter. 

In. 

Eff Ic lency, 
percent 

T04/T04B 

133.000 

2.9: 

71* 

2.75 

7‘* 

TE06/TI2 

113,000 

3.5 

71 

3.3 

72 

TV61 

113.000 

3.5 

73 

3.i« 

7k 

TV71 

106,000 

3.8 

73 

3.7 

-k 

TIBA 

83.000 

5.1 

75 

5.0 

75 
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IMITEO AIRCRAFT RESEARCH LABORATORIES (REFERENCES 3-5 AND 3-6) 


r I 


United Aircraft Is currently engaged In the development of a turbo- 
compressor applicable to a rolar hoat-powered Rankine air conditioner. The 
objectives of this program are to ( 1 ) demonstrate the feasibility of operat- 
ing a turbocompressor air conditioner powered by heat collected from a state- 
of-the-art solar collector and (2) analytically demonstrate the potential of 
such a system. Tie demonstration system will utilize a modified existing 
turbocompressor unit originally designed to produce 28.1 kw (8 tons) of 
refrigeration with R-114 as the working fluid and gas turbine axhaust as the 
heat source. Figure 3-10 (from Reference 3-6) shows the unit, which consists 
of a two-stage compressor driven by a single-stage turbine. The rotating 
assembly Is supported by ball bearings; rotational speed Is about 30,000 rpm. 
Peak efficiencies for ^he compressor and turbine operating as separate crm- 
ponents have been demonstrated In tests to be 0.69 and 0.78, respectively. 

Matching of the modified compressor and turbine at the air conditioner 
design point will result In considerable turbine efficiency drop. Compressor 
and turbine efficiencies of 68 and 66 percent, respectively, are predicted 
(Reference 3-3) under the folio* system conditions. 

Itorking fluid: R-11 

Turbine Inlet temperature: 366. 5®K (200“F) 

Condensing temperature: 313. 7®K (105°F) 

Evaporating temperature: 280. 4®K (45**F) 

The corresponding overall system CC.-* (evaporator load/b’ Her heat Input) Is 
estimateo at 0.366. 

Investigations pursued by Hamilton Standard (a division of United 
Aircraft) Indicate that compressor i^flclencles as high as 80 percent could 
be achieved In the size nt^cessary to produce 2 to 5 tons of refr Igeratlon. 

This estimate Is supported py test data obtained on an advanced compressor 
design fabricated from sheet stock. Similarly, with limited development work 
turbine efficiencies of 80 percent could realistically be obtained. With 
these efficiencies, a system COP of 0.76 can ue achieved at the baseline 
conditions listed above. 

BATTELLE MEMORIAL IflSTlTUTf (REFERENCE 3-7) 

Battel Id Is currently under contract to NSF for the design study of a 
heat pump using a rotary vane compressor-expander. This rotary machine 
features pivoting vanes hyo^cd/namical ly lubricated by the working fluid. The 
basic Resign or thy unit ..is darivad from a hich-speed aircraft hydraulic pum / 
developed for the Air Force. It Is antlclpatso that the pivoting vane design 
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•ill provide very high cofflpress'v* and expander efficiencies at low rotational 
speed and low cost. However, only qualitative data on the machine are 
reported In Reference 3*7. 

THERMO ELECTRON CORPORATION (REFERENCES 3-8 AfC 3-9) 

Thermo Electi'on Corporation has been engjged In the development of Rankine 
power systems using reciprocating machines since 1963. Currently, this organi- 
zation Is Involved In the development of a single-cylinder 3-hp engine model. 

The engine Is designed to operate with CP-34 as the working fluid. Design data 
are listed below. 

Inlet pressure: 3446 kN/m2 (SOO psia) 

Inlet temperature: 560. 9®K (550®F) 

Release pressure: 172 kN/m2 (25 psIa) 

Engine rpm: 3600 

Engine bore: 0.057 m (2-1/4 In.) 

Engine stroke: 0.044 m (1-3/4 In.) 

No actual tost data on this engine are presented In Reference 3-8. However, the 
characteristics for a 5-hp portable package using this nasic engine are reported 
In Table 3-3 (from Reference 3-8). 

Currently, Thermo Electron Corporation Is engaged In the development of a 
gas-fired heating/cool I ng system using the reciprocating engine Rank Ine-power 
system principle. The working fluid Is R-22 In both the Rsnkine power loop and 
the cooling loop. Estimated characteristics of this machine are listed In 
Table 3-4 (taken from Reference 3-8). The gas COP is defined as the ratio 
of net cooling rate to thermal Input to the boiler during cooling. 

Using basic reciprocating expander technology, the solar-powered heating/ 
cooling system depicted In Figure 3-11 (from Reference 3-9) Is suggested by 
Thermo Electron Corporation. Expander, compressor, and feed pump efficiencies 
of 72, 72, and 80 percent, respectively, are claimed as consistent with effi- 
ciencies mejiured In tests of similar equipment, with R-114 as the powor loop 
working fluid and R-27 as the refrigerant, an overall COP (cooling effect/heat 
Input) of 0.6 is predicted; this corresponds to a boiler temperature of 377.6 ‘'k 
( 220°F) and a condensing temperature of 313.7®K (105“F). 



Atw•^ kO M COMPANY 

OP (AitfOttNU 


74-lOy‘^W i) 
P 0 Q ts ^ 






TABLE 3-3 


SYSTEM CHARACTERISTICS FOR 5-HP 
PORTABLE POWER PACKAGE 
(FROM REFERENCE 3-8) 


Working fluid 

Cp-34 

Flow rate 

392 Ib/hr 

Net engine shaft power 

12,700 Btu/hr 


5 hp 

Feed pump power 

950 Btu/hr 

Accessories drive power 

1,600 Btu/hr 

Total engine shaft power 

15,250 Btu/hr 


6.0 hp 

0 bol ler 

80,400 Btu/hr 

Q fuel 

90,100 Btu/hr 

0 regenerator 

13,800 Btu/hr 

0 condenser 

64,^00 Btu/hr 

over a 1 1 

13.0 percent 

T] cycle (does not Include boiler efficiency of 82 percent) 

15.8 percent 

Engine overall efrlclency 

75 percent 

Feed pump overall efficiency 

60 percent 

Regenerator effectiveness 

90 percent 

Boiler ef f Iclency 

82 percent 





TABLE 3-4 




CHARACTERISTICS OF COST-OPTIMIZED 
HEATING/COOLING STS I EM 
(FROM REFERENCE 3-8) 


Cool Ing rate 
Heating rata (Input) 

Gas COP net 

Melght (condensing section) 

Size (condensing section) 

Electric requirements 
Heat I ng 
Cool I ng 

Above values based on: 

Engine overall efficiency 
Compressor overall efficiency 
Vapor generator thermal efficiency 
Feed pump overall efficiency 
Evaporator temperature 
Ambient air temperature 
Boiler outlet temperature 


36.000 Btu/hr 

122.000 Btu/hr 
0.4 

410 lb 

4 by 3 by 2.3 ft 


0.3 kw 
0.3 kw 


70 percent 
70 percent 
82 percent 
60 percent 
45®F 
95 °F 
40 5® F 
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